A solid-phase microextraction (SPME) method has been applied for the simultaneous analysis of six pesticides in water, with polar to moderately polar range, by gas chromatography -mass spectrometry (GC-MS). Two types of fiber coatings [60 mm polyethylene glycol (PEG) and 65 mm polydimethylsiloxane/divinylbenzene (PDMS/ DVB)] and the effect of salt (addition of 10 and 25% of NaCl) were compared. The extraction efficiency was higher with PEG than with the PDMS/DVB fiber for all pesticides, with the exception of terbuthylazine and phosmet, and with addition of 25% NaCl. The optimized SPME-GC-MS method, adopting the PEG fiber and the addition of 25% NaCl, in addition to other conditions [60 min of direct dipping of the fiber into the water sample (10 mL) under agitation (250 rpm) at ambient temperature; desorption period of 5 min at 2408 8 8 8 8C] allowed the determination of all studied pesticides and showed good linearity for concentrations ranging from 0.05 to 5 mg/ L. Limits of detection varied between 0.003 and 0.145 mg/L, with values below 0.025 mg/L for most of the analytes. Precision ranged from 4.2 to 12%. The proposed method is fast and simple, and was proven to be reliable for the routine analysis of pesticides in water, primarily for environmental monitoring.
Introduction
The contamination of water resources by pesticide residues is one of the major challenges for the preservation and sustainability of the environment. The extensive use of pesticides in worldwide agricultural practices has led to the substantial occurrence of pesticide residues and their metabolites in the ground and surface waters of Portugal (1 -7) and worldwide (8 -13) .
Several directives have been established by the European Union to protect water quality with respect to pesticides. One of the most important pieces of legislation in this area is the Water Framework Directive (14), among others related to the specific uses of water and discharges of substances, like Council Directive 98/83/EC on the quality of water intended for human consumption (15) and Directive 2006/118/EC on the protection of groundwater against pollution and deterioration (16). They set a parametric value and a groundwater quality standard of a concentration of 0.1 mg/L for each pesticide, so that detection limits below the level of 0.025 mg/ L are required for monitoring groundwater when used in water supplies for human consumption. Directive 2008/105/EC sets environmental quality standards for priority substances, which include many pesticides: alachlor, atrazine, chlorfenvinphos, chlorpyrifos, diuron, endosulfan, hexachlorobenzene, hexachlorocyclohexane, isoproturon, pentachlorophenol, simazine and trifluralin; and certain other pollutants, with the aim of achieving good chemical status for surface water (17).
Screening for low levels of the large variety of pesticides with different chemical properties requires high-quality performances from analytical instruments and sample preparation techniques. This step is of fundamental importance for the accuracy and reliability of the final analysis results. This has required the implementation of new, less time-consuming methods, especially solvent-free sample preparation techniques. One of the most commonly used solventless sample preparation techniques is solid-phase microextraction (SPME), which integrates sampling, extraction, concentration and sample introduction into a single step (18) . Several factors affect SPME efficiency as a result of their influences on analyte adsorption (fiber type, extraction time, ionic strength, pH, temperature, sample volume and agitation) or desorption (desorption time and temperature). In fact, to enhance the sensitivity of SPME, variables affecting adsorption and desorption steps should be optimized (19 -21) . The type of sorbent used as fiber coating is the key parameter governing the recovery and selectivity of SPME. Commercially available coatings are made from polydimethylsiloxane (PDMS), polyacrylate (PA), carboxen (CAR), divinylbenzene (DVB) and polyethylene glycol (PEG), which are obtainable in various thicknesses and combinations (PDMS/DVB or PDMS/CAR) (22) .
The new 60 mm PEG SPME fiber coating replaced the existing Carbowax/divinylbenzene (CW/DVB) and Carbowax/templated resin (CW/TPR) coated fibers that are being phased out due to durability and material supply problems. This fiber does not contain an adsorbent polymer. Eliminating the adsorbent polymer produces a more polar, selective fiber. The new PEG phase is coated on an inert metal fiber attached to the standard stainless steel assemblies. The metal fiber allows long lengths of the fiber to be coated at once to help improve reproducibility between fibers. Also, the metal fiber is unbreakable and the coating bonds better to the metal core than other surfaces. Because CW is a water-soluble material, the durability of the material often becomes a problem due to swelling and stripping when extracting analytes out of water. A top priority for the PEG fiber coating was to make it more durable. To obtain this parameter, the coating must bond well to the fiber core and not swell significantly when inserted in water. This requires a highly crosslinked polymer (23) .
New technologies [such as sol-gel, electrochemical and membrane (M)-SPME techniques] are becoming available for the simple and inexpensive synthesis of extraction fibers from highly polar PEG. Such fibers are very stable at high temperatures, are mechanically strong, offer very short extraction and desorption times, and exhibit excellent affinity for polar analytes (22) .
Pesticides are an analytically difficult group of compounds because of their wide range of chemical structures and properties. Despite this diversity, SPME has been very successfully applied by several research groups to determine pesticides in aqueous matrices. Multiresidue analysis is the most common way of determining pesticides. The PDMS/DVB fiber has demonstrated its suitability for multiresidue analysis of pesticides with a wide range of polarity values (19, 20, 24, 25) . The PEG fiber has demonstrated selectivity by enhancing the extraction of more polar analytes and decreasing the extraction of less polar analytes. The CW/DVB fiber, which is no longer commercially available, although polar, was not as selective because the DVB portion also extracts the less polar analytes. A comparison of three polar fibers (85 mm PA, 60 mm PEG and 60 mm CW/DVB) for the extraction of herbicides shows that the PEG fiber satisfactorily extracts polar analytes and reduces the amount of less polar analytes extracted (23) . However, there is no study comparing the 60 mm PEG fiber with the 65 mm PDMS/DVB for the simultaneous determination of different types of pesticides in water, with polar to moderately polar range, by gas chromatography coupled to mass spectrometry (GC -MS). This research is important to study the applicability of the recent 60 mm PEG SPME fiber assembly for water samples containing both polar and less polar analytes.
The aim of the present work was to study the applicability of the SPME method in combination with GC -MS for the simultaneous analysis of two triazine herbicides in water (atrazine and terbuthylazine), one chloroacetamide herbicide (alachlor), one organophosphate insecticide ( phosmet) and two triazine metabolites (desethylatrazine and desethylterbuthylazine), with polar to moderately polar range, by comparing the recently developed 60 mm PEG fiber coating with the 65 mm PDMS/DVB fiber, and by studying the effect of salt (addition of 10 and 25% of NaCl) on the extraction of these pesticides. The selected pesticides and metabolites can be analyzed by GC; they were considered relevant because of their inclusion in priority substance lists developed in the scope of Water Framework Directive (17), in European studies (26) due to the amount sold in Portugal (27) , and their detection in ground and/or surface water, either in previous studies developed in Portugal (1-7) or worldwide (8 -13) . Triazine metabolites are considered to be extremely relevant, as established in Council Directive 91/414/EEC concerning the placing of plant protection products on the market (28).
Experimental
Reagents and chemicals All pesticide analytical standards were supplied by Dr. Ethrenstorfer (Augsburg, Germany) with purity higher than 95.5%. Individual stock standard solutions (500 mg/L) and a working standard mixture (10 mg/L) were prepared in methanol. Working aqueous solutions (0.05-5 mg/L) were prepared daily by appropriate dilution in ultrapure Milli-Q water (Millipore, Molsheim, France). All prepared solutions were stored in dark conditions at 48C.
Methanol of high-performance liquid chromatography (HPLC) grade was from Merck (Darmstadt, Germany). Sodium chloride at a minimum purity of 99.5% was supplied by Panreac (Barcelona, Spain).
GC-MS analysis
Chromatographic analyses were performed by using a Varian ChromPack CP-3800 gas chromatograph (Walnut Creek, CA) equipped with a split -splitless injector and a DB-5ms capillary column (30 m Â 0.25 mm i.d., 0.25 mm film thickness) from J&W Scientific (Folsom, CA). The split -splitless injector port was maintained, according to the assay, in splitless mode for 0.01, 5.3 or 10 min, which was the period of time used for SPME fiber desorption, and set at a fixed temperature of 2408C. The oven temperature program was as follows: initial temperature was 508C (held for 6 min), increased by 108C/min to 1708C, increased by 18C/min to 1808C, increased by 58C/min to 2208C (held for 6 min) and finally, increased by 158C/min to 2408C (held for 4 min). Helium C-60 was used as carrier gas at a column flow rate of 1.2 mL/min.
A Varian ChromPack Saturn 2000 ion trap mass spectrometer (Walnut Creek, CA) was used in electronic impact (EI) mode. The manifold, trap and transfer line temperatures were set at 80, 190 and 2608C, respectively. The analyses were performed with a filament-multiplier delay of 5 min and the mass range for full scan was 50 -350 m/z, which were the spectra obtained at 70 eV. The axial modulation amplitude voltage was 5.5 V and the electron multiplier voltage was established by autotune at approximately 1,300 V. The ions used to quantify the response in selected ion monitoring (SIM) mode are shown in Table I .
SPME procedure
Two different SPME fibers from Supelco (Bellefonte, PA) were studied: 65 mm PDMS/DVB and the new 60 mm PEG (Table II) . The fibers were conditioned before use, as recommended by the manufacturer, by heating them at different temperatures during a certain period of time in the gas chromatograph injection port. Those conditions were: 2508C for 0.5 h for PDMS/DVB and 2408C for 0.5 h for PEG.
A commercial autosampler (Combi PAL from CTC Analytics, AG, Switzerland) with a SPME module mounted on the GC-MS system was used. The extraction procedure adopted in this study was as follows: 10 mL aliquots of the sample (dictated by autosampler characteristics) were extracted by immersion of the fiber for 60 min. The pesticides selected for the study have low affinity for the air compartment according to the Henry's Law Constant (Table III) and require direct extraction, which results in relatively long equilibration times (frequently exceeding 60 min with magnetic stirring). A pre-incubation time of 5 min at 750 rpm was defined, with the agitator on and off for 60 and 30 s, respectively. Because faster speeds (greater than 250 rpm) are not recommended during the fiber extraction process, a pre-incubation time of 5 min was set at 750 rpm, with the agitator on and off for 60 and 30 s, respectively, to better dissolve the salt in the samples. After extraction under agitation at 250 rpm at ambient temperature, the fiber was directly exposed to the hot injector of the GC system for analysis. Thermal desorption was conducted for 5 min (at a temperature of 2408C). The effect of the ionic strength on the extraction efficiency was studied by adding 10 and 25% of NaCl (w/v). When NaCl was used, the SPME fiber was rinsed with ultrapure Milli-Q water after each injection to prevent salt accumulation on the surface of the fiber, which decreases the lifetime of the fiber. Aqueous solutions containing 5 mg/mL of each pesticide, used in the optimization experiments of the two SPME parameters, were prepared by adding an appropriate volume of the methanol working standard solution. Repeatability, linear range and limit of detection values were determined for the optimized method of the two SPME parameters.
Results and Discussion

SPME optimization of two parameters
As discussed, two different SPME fibers from Supelco were studied: 65 mm PDMS/DVB and 60 mm PEG. These two fibers were chosen because they are recommended for bipolar and polar compounds, respectively (Table II) (22) , and it was intended to apply them in a multiresidue method for the determination of the six selected pesticides, with polar to moderately polar range [1.51 , n-octanol -water partition coefficient logarithm (log Kow) values , 3.4] (Table III) .
It was verified for most of the pesticides that extraction efficiency in all assays, evaluated through GC -MS peak area, was higher (up to 1.7 times) with the PEG fiber than with the PDMS/ DVB fiber (Figure 1) . The PEG fiber presented better results, especially for pesticides with low log Kow values, in both assays with the addition of 10% (Figure 2 ) and 25% NaCl (Figure 3) . The pesticides that presented better results with the PDMS/DVB fiber relative to the PEG fiber were terbuthylazine (with the highest extraction efficiency) and phosmet (Figure 1) , which presented the lowest water solubility (6.6 and 15.2 mg/L, respectively) and highest log Kow values (3.4 and 2.96, respectively; Table III ). Although it was expected that the 60 mm PEG fiber would extract the more polar analytes better than the PDMS/ DVB fiber, it was theorized that this last fiber presented better results in the presence of less polar pesticides, as in the study performed by Shirey (23) , in which the fiber CW/DVB extracted atrazine and desethylatrazine better than the PEG fiber.
As shown, the addition of a higher percentage of salt (25% NaCl) to the aqueous solutions led to higher extraction efficiency of the six pesticides ( Figure 1) ; it did not affect the stability of the solutions and was chosen for further study. It was verified for all pesticides that the extraction efficiency for PEG and PDMS/DVB fibers with 25% NaCl (Figures 4 and 5) , evaluated through GC-MS peak area, was higher in media up to five and 10 times, respectively, than with 10% NaCl (Figure 1 ). Most authors report beneficial effects of the addition of NaCl to the sample over the extraction efficiency of many compounds. The extraction yield of triazines and some polar organophosphorus pesticides (OPPS) was improved by 1.2 to 3 times until the concentration of 16.7% of NaCl was reached when using the PDMS/ DVB fiber. It was also suggested that the movement of the least polar molecules toward the fiber is reduced when the ionic strength is increased (30, 31) .
Based on the global results, and the other conditions not studied, the recommended SPME procedure considers: direct dipping of the 60 mm PEG fiber into the water sample (10 mL) under agitation (250 rpm) for 60 min at ambient temperature; the addition of 25% of NaCl; a desorption period of 5 min at 2408C.
Linearity, limits of detection, limits of quantification and repeatability of the method The linearity of the method was tested over a range between 0.05 and 5 mg/L by using six calibration levels (0.05, 0.10, 0.25, 0.50, 1 and 5 mg/L). Each concentration was analyzed in seven replicates. Linear regression coefficients (R 2 ) were equal or higher than 0.9928 (Table IV) , showing the linearity of the method.
The precision, expressed as repeatability, was obtained by the analysis of six spiked spring water samples at 0.1 mg/L of each pesticide and by the determination of relative standard deviation (RSD) for the calculated concentrations. The RSD values obtained for repeatability were lower than 12% for all pesticides (Table IV) . The limit of detection (LOD) was determined as the concentration with a signal-to-noise ratio of at least 3 and the limit of quantification (LOQ) was the lowest concentration with a signal-to-noise ratio of at least 10 and acceptable precision (RSD within 25%). The LOD and LOQ were determined by using the lowest accessible concentration level of the calibration curve and confirmed by using the two levels above. With the proposed method, all pesticides, except phosmet, presented LODs lower than 0.025 mg/L, which ranged between 0.003 and 0.145 mg/L Figure 1 . Peak areas obtained by using PEG and PDMS/DVB fibers for assays with the addition of 10 and 25% NaCl. for terbuthylazine and phosmet, respectively. All LOQs, except for phosmet, were lower than 0.1 mg/L (Table IV) .
Conclusions
In a global analysis, it was verified that the PEG fiber generally showed higher extraction efficiency than the PDMS/DVB fiber. The pesticides that showed better results with the PDMS/DVB fiber relative to the PEG fiber were terbuthylazine (with the highest extraction efficiency) and phosmet, which presented the lowest water solubility and highest log Kow values.
The optimized SPME-GC -MS method, adopting the PEG fiber, the addition of 25% NaCl and other conditions [60 min of direct dipping of the fiber into the water sample (10 mL) under agitation (250 rpm) at ambient temperature; desorption period of 5 min at 2408C], allowed the determination of all pesticides in the study. The LODs ranged between 0.003 and 0.145 mg/L, which were lower than 0.025 mg/L for most of the studied pesticides, in accordance with the European regulatory level. Precision varied from 4.2 to 12%.
These results were obtained for six pesticides, from polar to moderately polar range, which belong to three chemical families.
The optimized method of the two SPME parameters is fast, simple and was proven to be reliable for the routine analysis of most of the pesticides in water, primarily for environmental monitoring. 
